An analytical study is presented for the problem of unsteady hydromagnetic heat and mass transfer for a micropolar fluid bounded by semi-infinite vertical permeable plate in the presence of first-order chemical reaction, thermal radiation and heat absorption. A uniform magnetic field acts perpendicularly to the porous surface which absorbs the micropolar fluid with a time-dependent suction velocity. The basic partial differential equations are reduced to a system of nonlinear ordinary differential equations which are solved analytically using perturbation technique. Numerical calculations for the analytical expressions are carried out and the results are shown graphically. The effects of the various dimensionless parameters related to the problem on the velocity, angular velocity, temperature and concentration fields are discussed in detail.
Introduction
The study of heat and mass transfer for an electrically conducting micropolar fluid past a porous plate under the influence of a transverse magnetic field has attracted researchers in the recent past due to its relevance in many engineering problems such as magnetohydrodynam- * E-mail: dulalp123@rediffmail.com (Corresponding author) ics (MHD) generators, oil exploration, geothermal energy extractions and the boundary layer control in the field of aerodynamics. In particular, processes involving the mass transfer effects have been considered to be important principally in chemical engineering equipment. In the last few decades, the interest for non-Newtonian fluids has considerably increased mainly due to their connection with applied sciences. Amongst the various non-Newtonian fluid models, the micropolar fluids have acquired special status in recent years. Recently, the studies of micropolar fluids have acquired a special status due to their industrial applications. Such applications include the extrusion of polymer fluids, solidification of liquid crystals, cooling of a metallic plate in a bath, exotic lubricants, and colloidal and suspension solutions. Due to complexity of fluids, there is not a single constitutive equation which can describe the properties of all non-Newtonian fluids. In view of this several non-Newtonian fluid models have been proposed. Amongst these, a micropolar fluid model is introduced by Eringen [1, 2] which exhibit microscopic effects arising from the local structure and micro-motions of the fluid elements. Such fluids support stress and body moments and include the local rotary inertia. The theory of micropolar as discussed by Eringen [1] can be used to explain the flow of colloidal fluids, liquid crystals, suspension solutions, polymer fluids etc. in which the classical Navier-Stokes theory is inadequate. The equations based on the theory of microfluids are much more complicated even for the case of a constitutively linear situation, and the non-trivial solution in the field is not easy to obtain. There is a subclass of microfluids namely the micropolar fluids for which one can reasonably hope to obtain a non-trivial analytic solution. The micropolar fluids support couple stress, body couples, micro-rotational effects and micro-rotational inertia. The mathematical theory of equations of micropolar fluids and applications of these fluids in the theory of lubrication and in the theory of porous media are dealt in recent book by Lukaszewicz [3] . The governing differential equations for non-Newtonian fluids are much more complicated, non-linear, higher order and subtle in comparison to Newtonian fluids. Several workers in the field have made the useful investigations that involve a micropolar fluid. Shahzad et al. [4] obtained the analytic solution for the time-independent equations for the two-dimensional incompressible micropolar fluid using group method. Ahmadi [5] presented solutions for the flow of a micropolar fluid past a semi-infinite plate taking into account of microinertia effects. Recently, Hayat et al. [6] analyzed the two-dimensional magnetohydrodynamic stagnation-point flow of an incompressible micropolar fluid over a non-linear stretching surface.
The consideration of the slip condition is an important aspect of fluid dynamics. In the literature, much of the analysis relies on the no-slip condition. Recent interest in the study of vibrating flow with slip condition has been mainly motivated by its importance in microchannels or nanochannels. It is also known that slip can occur if the working fluid contains concentrated suspensions as mentioned by Soltani and Yilmazar [7] . Analysis of slip condition is very important for polymer melts which exhibit macroscopic wall slip and is governed by a nonlinear non-monotone relation between the slip velocity and traction. Hayat and Abelman [8] obtained a numerical solution for the steady flow of an electrically conducting non-Newtonian incompressible fluid past a plate. They discussed the effects of slip condition on the rotating flow of a non-Newtonian fluid. The boundary layer suction is one of the effective methods for reducing the drag coefficient which entails large energy losses. Stuart [9] studied an oscillating flow over a infinite flat plate with constant suction whereas Kelley [10] discussed the flow past an infinite wall with time-dependent suction. Messiha [11] extended the Stuart [9] problem for the case of variable suction. Later, Hayat et al. [12] extended Kelley's solution for the incompressible viscous flow past an infinite wall with time dependent suction, considering idealized elastic-viscous liquid.
Free convection occurs when a surface or body in a fluid is suddenly heated. The reason is that the sudden temperature changes of the surface cause density variations leading to buoyancy force. Yang and Jerger [13] studied laminar free-convection boundary layers on a vertical plate using first-order perturbation method. Messiter and Linan [14] analyzed the effects of leading and trailing edges and discontinuous temperature on laminar free convection over a vertical plate. Rees and Pop [15] studied free convection boundary layer flow of micropolar fluids from a vertical flat plate. Hassanien et al. [16] studied natural convection flow over semi-infinite plate maintained at a constant heat flux embedded in a micropolar fluid saturated porous medium.
The studies reported above deal with steady flows. However, the flow problem will become unsteady due to change in the surface velocity due to oscillatory flow over a infinite porous surface in an oscillating free stream which is an important problem, since it is not always possible to maintain steady-state conditions. An interesting application of MHD oscillating flow to metallurgy lies in the purification of molten metals from non-metallic inclusions by the application of a transverse magnetic field. Recently, Ahmed [17] analyzed free and forced convection MHD oscillatory flow over a infinite porous surface in an oscillating free stream. Kim [18] studied unsteady free convection flow of a micropolar fluids through a porous medium bounded by an infinite vertical plate. Ibrahim et al. [19] investigated unsteady magneto-hydrodynamic micropolar fluid flow and heat transfer over a vertical porous plate through a porous medium in the presence of thermal and mass diffusion with constant heat source. Kim [20] investigated MHD convection flow of polar fluids past a vertical moving porous plate in a porous medium. Abo-Eldahab and El-Aziz [21] investigated the problem of free convection boundary layer flow of a micropolar fluid from a vertical stretching surface embedded in a non-Darcian porous medium in the presence of a uniform magnetic field, heat generation/absorption and free stream velocity. Gorla et al. [22] have presented an analysis for the unsteady natural convection from a heated vertical surface placed in a micropolar fluid in the presence of internal heat generation or absorption. William et al. [23] investigated the unsteady free convection flow over a vertical flat plate by considering the wall temperature to vary with time and distance and found semi-similar solutions for a variety of classes of wall temperature distributions. Makinde [24] examined MHD unsteady flow and heat transfer towards a flat plate with slip and Newtonian heating.
Many process in new engineering areas occur at high temperature and knowledge of radiative heat transfer become very important for the design of the pertinent equipment. Nuclear power plants, gas turbines and various propulsion devices for aircrafts, missiles, satellites and space vehicles are the examples of such engineering areas. The study of radiation effects on various types of flows is quite complicated. Ogulu [25] studied the oscillating platetemperature flow of a polar fluids past a vertical porous plate in the presence of couple stresses and radiation. Recently, Rahaman and Sattar [26] studied transient convective heat transfer flow of a micropolar fluid past a continuously moving vertical porous plate with time-dependent suction in the presence of radiation. Kim and Fedorov [27] investigated the transient mixed radiative convection flow of a micropolar fluid past a moving semi-infinite vertical porous plate. The micropolar fluid considered here is a gray, absorbing-emitting but non-scattering medium. The Rosseland approximation is used to describe the radiative heat flux in the energy equation. It is also assumed that the porous plate moves with constat velocity in the longitudinal direction, and the free stream velocity follows the exponentially small perturbation law.
Combined heat and mass transfer problems with chemical reaction are of important in many process industrial applications such as the polymer production and manufacturing of ceramics or glassware and hence we are particularly interested in the case when diffusion and chemical reaction occur roughly the same speed, when diffusion is at a faster rate than chemical reaction, then only chemical factor influence the chemical reaction rate. On the other hand, when diffusion is not faster than reaction then the diffusion and kinetics interact to produce different effects. There are two types of reactions such as (i) homogeneous reaction and (ii) heterogeneous reaction. A homogeneous reaction occurs uniformly throughout the given phase, whereas heterogeneous reaction takes place in a restricted region or within the boundary of a phase. A chemical reaction is said to be first-order, if the rate of reaction is directly proportional to concentration itself. In many industrial processes, the diffusing species can be generated or absorbed into the ambient fluid due to different types of chemical reaction in flow and mass transfer over a moving surface which can greatly affect the properties and quality of the finished products. Deka et al. [28] studied the effect of the first-order homogeneous chemical reaction on the process of an unsteady flow past an infinite vertical plate with a constant heat and mass transfer. Muthucumaraswamy and Ganesan [29] investigated the effects of a chemical reaction on the unsteady flow past an impulsively started semi-infinite vertical plate which is subjected to uniform heat flux. Cortell [30] studied MHD flow and mass transfer of second grade fluid in a porous medium over a stretching sheet with chemically reaction of species. Makinde [31] studied the effects of order chemical reaction on mixed convection flow in the presence of thermal radiation and magnetic field past a vertical porous plate embedded in a porous medium. Later Makinde et al. [32] analyzed unsteady convection with a chemical reaction and radiative heat transfer past a flat porous plate moving through a binary mixture.
Only few works are available on the subject of flow, heat and mass transfer of a micropolar fluid considering suction/blowing in the presence of magnetic field and chemically reactive species and thermal radiation. Thus the main objective of this paper is to study the effect of the first-order chemical reaction and thermal radiation on the heat and mass transfer in micropolar fluid flow past a vertical porous plate in the presence of heat generation with slip condition at the porous boundary in the presence of a transverse magnetic field. We also consider the free stream mean velocity which varies exponentially with time. The present study would find applications in magnetic materials processing and chemical engineering systems.
Formulation of the problem
Let us consider an unsteady laminar and two-dimensional flow of an incompressible, electrically conducting and Boussinesq micropolar fluid past a porous plate subject to a transverse uniform magnetic field B 0 in the presence of a pressure gradient, chemical reaction and thermal radiation. The physical model and geometrical coordinates shown in Fig. 1 . The fluid is assumed to be a gray, absorbing-emitting but non-scattering medium. The radiative heat flux in the * -direction is considered negligible in comparison that in the * -direction. It is assumed that there is no applied voltage which implies the absence of an electric field. The magnetic Reynolds number is very small and hence we have neglected induced magnetic field. The fluid properties are assumed to be constants except that the influence of density variation with temperature. Therefore, the basic flow in the medium is entirely due to buoyancy force caused by the temperature difference between the wall and the medium. Initially at * 0, the plate as well as fluid are assumed be at the same temperature. When * > 0, the temperature of the plate is instantaneously raised (or lowered) to T and the concentration of species is raised (or lowered) to C . Due to the semi-infinite plate surface assumption, the flow variable are function of * and * only [27, 33] . The concentration of species far from the wall C ∞ , is infinitesimally small and hence the Soret and Dufour effects are neglected. We also consider the presence of chemically reactive species in the flow field and all thermo-physical properties are assumed to be constant, and the concentration of diffusing species is very small in comparison to the other chemical species. Thus under the above stated assumptions and taking the usual Boussinesq's approximation into account, the unsteady two-dimensional boundary layer equations for micropolar fluid, in the usual notations are:
(i) Continuity Equation:
(ii) Momentum Equation:
(iii) Angular Momentum Equation:
(iv) Energy Equation:
(v) Concentration Equation:
The Ohmic and viscous dissipations are neglected in this study. It is assumed that the free stream velocity follows the exponentially increasing small perturbation law. In addition, it is assumed that the temperature and concentration at the wall as well as the suction velocity are exponentially varying with time. Under these assumption, the appropriate boundary conditions to the problem are
where the variables and related quantities are defined in the nomenclature. The boundary condition for microrotation variable ω * describes its relationship with the surface stress. In this equation, the parameter δ is a number between 0 and 1 that relates the microgyration vector to the shear stress. The values δ=0 corresponds to the case where the particle density is sufficiently large so that micro-elements close to the wall are unable to rotate. The value δ=0.5 is indicative of weak concentrations, and when δ=1 it represents turbulent boundary layer. From the continuity Eq. 1, it is clear that the suction velocity normal to the plate is a function of the time only which is taken in the form [27, 33] :
where A is a real positive constant, and A are small quantity less than unity, and V 0 is a scale of suction velocity which has non-zero positive constant.
Outside the boundary layer, Eq. 2 gives
The radiative heat flux term by using the Rosseland approximation is given by
where σ * and κ * are the Stefan-Boltzmann constant and the mean absorption coefficient, respectively. We assume that the temperature difference within the flow are sufficiently small such that T * 4 may be expressed as a linear function of the temperature. This is accomplished by expanding T * 4 in a Taylor series about T ∞ and neglecting higher-order terms, thus
Introducing the following non-dimensional quantities
Furthermore, the spin gradient viscosity γ, which defines the relationship between the coefficients of viscosity and micro-inertia, is given by:
In view of Eqs. (8) - (13), the governing Eqs. (2) - (5) can be expressed in non-dimensional form:
where
G is the Grashof number, G is the solutal Grashof number, P is the Prandtl number, M is the magnetic field parameter, R is the radiation parameter, S is the Schmidt number, φ is the heat source parameter, and ξ is the chemical reaction parameter and Q 1 is the absorption of radiation parameter.
The corresponding boundary condition in dimensionless form are
is the porous permeability parameter and δ is the parameter related to microgyration vector and shear stress.
Perturbation method of solutions
Eqs. (14) - (17) represent a set of partial differential equations that can not be solved in closed-form. However, it can be solved analytically when the amplitude of oscillations ( 1) is very small, so we can assume the solution flow velocity u, temperature T, angular velocity ω and concentration C in the neighborhood of the plate as
Substituting (21) - (24) into Eqs. (14) - (17) and equating the harmonic and non-harmonic terms and neglecting the higher order of O( 2 ), and simplifying to get the following pairs of equations 0 ω 0 θ 0 C 0 and 1 ω 1 θ 1 C 1 :
where the prime denote differentiation with respect to η.
The corresponding boundary conditions can be written as
The solutions of equations (25) - (32) with satisfying boundary conditions (33) and (34) are given by
In view of above solutions, the velocity, temperature and concentration distributions in the boundary layer become
where the exponential indices and coefficients are given in Appendix A.
It is now important to calculate the physical quantities of primary interest, which are the local wall shear stress, the local surface heat and mass flux. Given the velocity field in the boundary layer, we can now calculate the skin-friction coefficient C at the wall, which given by
and in dimensionless form, we obtain The couple stress coefficient (C ) at the plate is written as
and in dimensionless form, we obtain
Knowing the temperature field, it is interesting to study the effect of the free convection and thermal radiation on the rate of heat transfer * , this is given by
by using equation (11), * take the form
which is written in dimensionless form as
The dimensionless local surface heat flux (i.e., Nusselt number) is obtained as (56)
with the help of these equations, one can write 
Results and discussion
The perturbation solution of the problem given by Eqs. (43) - (46) the microrotation and decrease in the temperature profiles as shown in Fig. 2(c) .
The effects of heat generation φ on translation velocity and microrotation profiles across the boundary layer are presented in Figs. 3(a) and (b) . It is seen from this figure that the translation velocity across the boundary layer decreases with increase in the value of φ. Also, it appears that there is a significant change in the velocity profiles at the peak as φ increases, this tends to increase the value of microrotation with increase in the value of φ as shown in Fig. 3(b) . This is expected due to the fact that when heat is absorbed the buoyancy force decreases which retards the flow rate and thereby gives rise to decrease the velocity profiles. Fig. 3(c) has been plotted to depict the variation of temperature profiles against η for different values of the heat absorption parameter φ by fixing all other physical parameters. From this graph, we observe that temperature profiles decrease with increase in the heat absorption parameter φ due to the fact that when the heat is absorbed, the buoyancy force retards the temperature profiles. Variation of the velocity profile with porous permeability parameter is represented in Fig. 4(a) . This figure clearly indicates that the value of velocity profile increases with increase in the porous permeability parameter φ 1 at the porous boundary whereas reverse trends is seen after attaining the peak value onwards. Fig. 4(b) shows the microrotation profile across the boundary layer for different values of porous permeability parameter φ 1 . It is noted that the magnitude of microrotation profile increases as φ 1 increases since porous medium retards the motion of the fluid.
The effects of viscosity ratio β on the translation velocity and the microrotation profiles across the boundary layer are shown in Figs. 5(a) and (b). It is clear from these plots that the velocity distribution shows a decelerating nature near the porous plate as β increases, and then approach to the free stream velocity whereas reverse trend is seen away from the porous plate. Also, the magnitude of microrotation at the wall decreases as β increases near the porous plate whereas reverse effect is seen far away from the porous plate. Fig. 6 (a) depicts the variation of velocity profile with absorption of radiation parameter Q 1 . From this figure it is clearly seen that the velocity profile increases with increase in Q 1 . However, the distributions of microrotation at the wall is decreased and does not show consistent variations with increment in the value of Q 1 as shown in Fig. 6(b) . The graph of temperature profile is depicted in Fig. 6(c) for various values of absorption of radiation parameter Q 1 in the boundary layer. It is seen that the effect of absorption of thermal radiation is to increase the temperature in the boundary layer as radiated heat is absorbed by the fluid which is responsible for increase in the temperature of the fluid very close to the porous boundary layer and its effect diminish far away from the porous boundary.
The magnetic field affects the velocity profiles in the boundary layer as depicted in Fig. 7(a) . From this figure it is seen that the velocity starts from minimum value of zero at the surface and increases till it attains the peak value and then starts decreasing until it reaches to the minimum value at the end of the boundary layer for all the values of magnetic field parameter. It is interesting to note that the effect of magnetic field is to decrease the value of the velocity profile throughout the boundary layer. The effect of magnetic field is more prominent at the point of peak value, i.e., the peak value drastically decreases with increase in the value of the magnetic field because the presence of magnetic field in an electrically conducting fluid tends to produce a body force called Lorentz force, which acts against the flow if the magnetic field is applied in the normal direction to the flow. This type of resisting force tends to slow down the motion of the fluid velocity which results in increasing the microrotation velocity ω as shown in Fig. 7(b) . These results clearly demonstrate that the magnetic field can be used as a means to control the flow characteristics. P . It appears that with an increasing of P , the translation velocity and the magnitude of microrotation are decreased due to decrease in the boundary layer thickness. Fig. 12(c) shows the temperature profiles with respect to spanwise coordinate η for various values of Prandtl number P . The results show that the temperature decreases with increase in the Prandtl number P due to decrease in the thermal boundary layer thickness due to the fact that the smaller values of P are equivalent to increasing of the thermal conductivities. Therefore, heat is able to diffuse away from the heated surface more rapidly than for higher values of P . Figs. 13(a) and 13(b) show the effect of δ parameter, which is related to microgyration vector and shear stress, on the translation velocity and the microrotation profiles. It is observed that the magnitude of velocity and microrotation increase with an increase in δ.
Figs. 14 -17 present the variation of the local skin-friction coefficient C and the local Nusselt number N R −1 with Prandtl number P for various values of φ 1 Q 1 and ξ. From Fig. 14(a) it is seen that the values of C decreases with increase in the value of the porous permeability parameter φ 1 , whereas reverse trend is seen from Fig. 14(b) when the value of Q 1 is increased. Further, it is observed from Figs. 14(a) and (b) that skin friction coefficient decreases with increasing the value of the Prandtl number. Fig. 15 represents the local Nusselt number against P for different values of Q 1 . It is found that the local Nusselt number decreases with increase in the value of the Prandtl number P and absorption of radiation parameter Q 1 . Fig. 16 depicts the variation of the local skin friction coefficient with P and ξ. It is seen from this figure that the value of C decreases with increase in the value of P and ξ. From Fig. 17 it is observed that N R −1 increases with increase in the values of P and ξ. Fig. 18 presents the variation of the local skin-friction coefficient C and local Nusselt number N R −1 against Schmidt number S for different values of ξ. We observed from Fig. 18(a) that C decreases with increase in the values of S and ξ whereas reverse trend is seen on N R −1 as observed from Fig. 18(b) . We analyze from Fig. 19 that the effect of increasing the values of Schmidt number S is to increase Sherwood number with increase in the value of ξ.
In order to verify the accuracy of the present results, we have considered the analytical solutions of Kim [20] and computed those solutions for various physical parameters for skin-friction coefficient, couple stress coefficient and local Nusselt number. These computed results are tabu- Table 1 . It is observed from this table that the present results (under some limiting conditions) are in very good agreement with the computed results obtained from the analytical solutions of Kim [20] , which clearly shows the correctness and accuracy of the present analytical solutions and computed results [20] . Kim [20] Present Results 
Conclusion
In this paper, we have examined the effects of chemical reaction and thermal radiation on unsteady convective heat and mass transfer of an incompressible, micropolar fluid along a semi-infinite vertical permeable sheet in the boundary layer slip flow with an applied magnetic field normal to the sheet in the presence of heat absorption. A perturbation technique has been introduced which transforms the momentum energy and mass transfer equations into ordinary differential equations. These equations are then solved analytically and computed results are presented to illustrate the details of the flow, heat and mass transfer characteristics and their dependency on material parameters. From the computed results the following conclusions are drawn:
• The imposition of thermal radiation R is to increase the horizontal velocity significantly as a result there is increase in the microrotation ω and decrease in the temperature profiles. Similar effects are seen on the velocity, microrotation and temperature profiles due to increase in the heat source parameter φ increases.
• The effect of porous parameter φ 1 is to increase the horizontal velocity closer to the porous surface whereas reverse trend is seen away from the plate. Further, there is increase in the microrotation profiles throughout the boundary layer with increase in the value of φ 1 .
• The effect of magnetic field parameter M is to decrease the horizontal velocity significantly in the boundary layer which in turn has the effect to increase the values of the microrotation ω.
• The profiles for velocity, temperature and concentration of species decrease as the value of S increases whereas reverse trend is seen on microrotation profiles.
• The effect of increasing the values of the chemical reaction rate coefficient is to decrease the velocity, temperature and concentration of species whereas opposite trend is found for the microrotation profiles.
• Buoyancy force affects the velocity and microrotation profiles considerably, i.e., increase in the values of G and G decrease velocity profiles and increases temperature profiles whereas reverse effects are seen as the value of Prandtl number P increases.
• Increase in the microrotation gyration and shear stress parameters δ decrease the value of the horizontal velocity and microrotation ω profiles.
